The goal of this study was to compare cochlear implant behavioral measures and electrically evoked auditory brain stem responses (EABRs) obtained with a spatially focused electrode configuration. It has been shown previously that channels with high thresholds, when measured with the tripolar configuration, exhibit relatively broad psychophysical tuning curves. The elevated threshold and degraded spatial/spectral selectivity of such channels are consistent with a poor electrode-neuron interface, defined as suboptimal electrode placement or reduced nerve survival. However, the psychophysical methods required to obtain these data are time intensive and may not be practical during a clinical mapping session, especially for young children. Here, we have extended the previous investigation to determine whether a physiological approach could provide a similar assessment of channel functionality. We hypothesized that, in accordance with the perceptual measures, higher EABR thresholds would correlate with steeper EABR amplitude growth functions, reflecting a degraded electrode-neuron interface. Design: Data were collected from six cochlear implant listeners implanted with the HiRes 90k cochlear implant (Advanced Bionics). Single-channel thresholds and most comfortable listening levels were obtained for stimuli that varied in presumed electrical field size by using the partial tripolar configuration, for which a fraction of current () from a center active electrode returns through two neighboring electrodes and the remainder through a distant indifferent electrode. EABRs were obtained in each subject for the two channels having the highest and lowest tripolar ( ϭ 1 or 0.9) behavioral threshold. Evoked potentials were measured with both the monopolar ( ϭ 0) and a more focused partial tripolar ( Ն 0.50) configuration.
INTRODUCTION
Cochlear implants have provided improved hearing for individuals with severe or profound hearing loss, yet there exists substantial variability in listening abilities (e.g., Koch et al. 2004) . Although some studies have shown that implant performance can be partially accounted for by etiology and duration of deafness (Gantz et al. 1993; Gfeller et al. 2008) , both of which are thought to reflect spiral ganglion neuron loss, a direct correlation between global spiral ganglion neuron survival and performance on speech tests has not been established (Nadol & Eddington 2006) . Nevertheless, patterns of local neuron degeneration may reduce the effectiveness of auditory nerve stimulation by individual implant electrodes, which can indirectly affect performance (Khan et al. 2005; Fayad et al. 2009 ). Other local factors, such as the electrode position within the cochlea and bone and tissue growth, may also have a negative impact on what we refer to as the electrode-neuron interface. Here, we examine whether electrically evoked auditory brain stem responses (EABRs) can be used to identify cochlear implant channels with a poor electrode-neuron interface.
Previous results from our laboratory and others have indicated that high variability in thresholds measured across the electrode array of individual subjects is a predictor of poor performance on speech tests (Pfingst et al. 2004; Bierer 2007; Long et al. 2010) . The channel-to-channel variability was higher for focused electrode configurations, such as bipolar, tripolar (TP), and phased array, than for the broader monopolar (MP) configuration. These results are consistent with focused configurations having a greater sensitivity to the electrodeneuron interface, which we define as an implant channel's ability to activate the auditory nerve. Factors such as the radial distance between the implant electrodes and the osseous spiral lamina, the numbers and distribution of viable spiral ganglion neurons, the stimulability of those neurons (including the role of peripheral processes), and bone and tissue growth within the scala tympani may all impact the electrode-neuron interface. In a recent cochlear implant model of focused stimulation (Goldwyn et al. 2010) , channels having a poor electrode-neuron interface had higher thresholds and produced broader activation patterns of auditory neurons along the cochlea. Such an association between high thresholds and broader spatial activation has been corroborated behaviorally using psychophysical tuning curve (PTC) measures (Bierer & Faulkner 2010) . Broad spatial activation could result in the distortion of spectral cues because a signal delivered by a degraded channel may activate neurons beyond the targeted population of neurons. Therefore, identification of channels with a poor electrode-neuron interface might provide some insight into the variability in speech perception abilities across implant listeners.
EABRs may be a sensitive tool for identifying channels with a poor electrode-neuron interface. Previous studies in animal models have shown a relationship between the degree of spiral ganglion loss and evoked potential measures (Smith & Simmons 1983; Hall 1990; Shepherd et al. 1993; Miller et al. 1994 Miller et al. , 2008 . In those studies, the aspect of EABRs having the strongest correlation to neural loss was the slope of the amplitude growth function, assumed to be proportional to the number of responding nerve fibers. It is unclear what impact localized spiral ganglion cell loss might have had on the EABRs in these studies, because only global cell counts were made. However, in one of the studies, a significant correlation was measured only when the implant electrodes were placed relatively close to the modiolus (Shepherd et al. 1993 ). These findings suggest that EABRs may be sensitive to spiral ganglion loss and electrode-to-neuron distance, two important aspects of the electrode-neuron interface. Our modeling results (Goldwyn et al. 2010) suggest that both of these factors (a large radial distance and a reduced local neuron count) have comparable influences on the spatial pattern of activated auditory neurons over a range of current levels, i.e., both result in patterns that are relatively broad at threshold and widen relatively faster with increases in current. Because the amplitude growth of the EABR with current reflects, in part, the recruitment of peripheral auditory neurons, the slope of this function should be greater for channels affected by a poor electrode-neuron interface.
In this study, EABRs were measured on channels suspected of having a good or poor electrode-neuron interface based on behavioral criteria established in our previous study (Bierer & Faulkner 2010) . Specifically, behavioral thresholds were measured across channels using the focused TP configuration, and the channels having the lowest and highest thresholdshypothesized to have a good and poor electrode-neuron interface, respectively-were chosen for EABR testing. The perceptual and EABR measurements were made using both the MP configuration and the partial TP (pTP) configuration, a hybrid of the MP and TP configurations in which a fraction of current from the active electrode returns through the adjacent pair of intracochlear electrodes and the remainder through an extracochlear electrode (Mens & Berenstein 2005; Litvak et al. 2007) . A fraction of zero is equivalent to MP, while a fraction of one is TP. The slopes of the EABR amplitude growth functions were compared across channels and configurations. In addition, growth functions were related to the behavioral thresholds and, for a subset of subjects, PTCs obtained in a previous study (Bierer & Faulkner 2010) . We hypothesized that channels with higher EABR thresholds would have steeper growth functions, consistent with our computer model (Goldwyn et al. 2010 ) and preliminary results demonstrating steeper loudness growth for channels with high behavioral thresholds (Nye & Bierer 2010) . We also hypothesized that EABR amplitude functions would grow more gradually for a focused pTP configuration than for the MP configuration, based on previous comparisons of MP and bipolar stimulation (Brown et al. 1996) .
MATERIALS AND METHODS
The electrode configurations used in this study include MP, TP, and pTP. The MP configuration consists of an active intracochlear electrode and an extracochlear return electrode. The TP electrode configuration consists of an intracochlear active electrode, with the return current divided equally between each of the two nearest flanking electrodes (Jolly et al. 1996) . The pTP configuration is also formed from three adjacent electrodes, but only a fraction of the return current, denoted by "," is delivered to the flanking electrodes, with the remainder flowing to the distant extracochlear ground. Therefore, a of 0 is equivalent to MP (all current is directed to the extracochlear electrode), and a of 1 is equivalent to TP (no current is directed to the extracochlear electrode). Data analysis and plotting were performed in units of decibels relative to 1 mA. Compared to a linear scale, the decibel scale can better accommodate the large differences in current level requirements among configurations and across channels and subjects.
All stimulation levels used in these experiments were within the compliance limits supported by the implant. Based on the impedance values, the maximum compliance of active and return electrodes was calculated at the beginning of each test session based on an algorithm provided by Advanced Bionics Corp. (2010, written personal communication). The compliance limit was defined as the maximum voltage supported by the device (8 V) divided by the impedance.
Subjects
Six adult cochlear implant listeners, five females and one male, participated in the study. All of the participants had been implanted with the HiFocus 1J electrode array, with center-tocenter electrode distance of 1.1 mm, and the HiRes90k receiverstimulator (Advanced Bionics Corp., Sylmar, CA). The six subjects ranged in age from 30 to 79 yrs, were native speakers of American English who had become deaf postlingually, and had at least 9 mos of experience with their implants. Pertinent subject demographics are shown in Table 1 , including current age, gender, duration of severe hearing loss, known etiology, and speech perception scores. The speech scores, based on the CNC words test at 65 dB SPL-A, were obtained in our laboratory within 3 mos of the beginning of the experiment. The behavioral and EABR testing required three to six visits to the laboratory, with each session lasting from 3 to 6 hrs. Each participant provided written consent, and experiments were conducted in accordance with guidelines established by the Human Subjects Division of the University of Washington.
Behavioral Measures
Two sets of behavioral thresholds were obtained in this study. First, thresholds for all electrodes were measured with pulse trains in the TP configuration. The channels with the highest and lowest TP thresholds served as the experimental electrodes for the remainder of the study. An additional set of thresholds at a lower pulse rate were obtained using the MP configuration and a pTP configuration with an intermediate current fraction. This second set of thresholds allowed for direct comparisons between behavioral and EABR thresholds.
TP Thresholds to Pulse Trains
• For each subject, thresholds were obtained for a 204-msec pulse train at a rate of 918 pulses per second for each electrode using the TP configuration (for details see Bierer & Faulkner, 2010 ; a pTP current fraction of ϭ 0.9 was necessary for three subjects to remain within the voltage compliance, but for simplicity we consider these data as "TP thresholds"). Pulse train thresholds for other configurations (MP, pTP with ϭ 0.5) were also analyzed when those data were available from our previous study. The lowest and highest threshold channels obtained with the TP configuration for each subject were identified for further testing. All thresholds were measured with an adaptive twodown one-up, three-interval, three-alternative forced-choice procedure, which converges on the 70.7% correct point on the psychometric function (Levitt 1971) . Each run started at a suprathreshold level, and subjects responded using a mouse to indicate the interval that contained the signal. Twelve reversals (i.e., changes in the direction of the signal level) were measured for each trial, and the levels for the last eight were averaged and taken as threshold. For the first two reversals, the signal was adjusted in 2 dB steps; for the other 10 reversals, it was adjusted in 0.5 dB steps. If the threshold of two runs differed by more than 1 dB, a third run was collected, and data from all three runs were averaged. The SD for the last eight reversals from each run was measured; if the value exceeded 1 dB, the subject was encouraged to take a break, and those data were not included and threshold was subsequently remeasured. The total number of trials per run was limited to 75.
All available channels were tested in this manner. Channels were deemed unavailable if they were not programmed in the patient's clinical map because they were outside the cochlea or elicited a nonauditory or intolerable percept. Channels that were deactivated were also not included as return electrodes for the TP or pTP configurations.
MP and pTP Thresholds to Low-Rate Pulses • Thresholds
on the test channels were obtained using the same stimuli and methods used during EABR testing. The stimuli were ten 102 secs/phase, biphasic, charge-balanced (cathodic phase first on the active electrode) current pulses presented at a rate of 11.1 pulses per second. Both the MP and pTP configurations were used. For each subject, the pTP fraction selected was one, allowing for a reasonable growth of loudness from threshold to most comfortable level (MCL) or, if MCL could not be reached, to a level corresponding to at least a report of "3" on the loudness scale, as described in the subsequent section.
Most Comfortable Level • The MCL for each test channel
was determined by presenting a suprathreshold version of the EABR stimulus (ten 102 secs/phase, biphasic, charge-balanced current pulses presented at 11.1 pulses per second; pTP fraction was dependent on the subject) and asking the subject to adjust the level by clicking one of two options labeled "up" and "down." The subject was asked to set the level to the subjective rating of "loud but comfortable," corresponding to 7 on the 1 to 10 clinical loudness rating scale (0, off; 1, just noticeable; 2, very soft; 3, soft; 4, comfortable but too soft; 5, comfortable but soft; 6, most comfortable; 7, loud but comfortable; 8, loud; 9, upper loudness limit; 10, too loud; Advanced Bionics, 2003). The level was changed in 1 dB steps until the subject clicked the "down" button; thereafter it was changed in 0.5 dB steps. At least two runs were collected and averaged for each MCL condition. If the two measured MCLs differed by Ͼ1 dB, a third run was completed, and all three runs were averaged.
Psychophysical Tuning Curves • PTCs were obtained in four of the six subjects for whom the lowest and highest threshold channels were not at the end of the electrode array (S9, S22, S24, and S26). Methods used to obtain and quantify PTC results are described in detail in Bierer and Faulkner (2010) . PTCs were briefly measured using a forward masking paradigm in which the masker was a 204-msec pulse train with the configuration fixed at a pTP fraction of ϭ 0.5. Thresholds and MCLs were measured to the masker stimulus (204-msec pulse train, ϭ 0.5) to set the upper and lower limits for stimulation for each channel. The probe, a 10.2-msec pulse train fixed at 3 dB above the probe-alone threshold, was presented 9.18 msecs after the masker. The level of the masker was adjusted to determine how much masking was required to just mask the probe. Masked thresholds were obtained using the same adaptive forced-choice tracking procedure as described earlier. The masker was presented in all three intervals, while the probe was presented randomly, but with equal probability, in only one of the three intervals. The subject was asked to indicate which interval sounded "different."
Quantifying PTCs • A unique aspect of the Bierer and
Faulkner study was the use of a focused masker configuration of ϭ 0.5, which allowed for comparisons of changes in tuning properties that are primarily a result of the varying probe configuration. To compute the slopes of the apical side of the PTCs, the tip of the tuning curve (i.e., the lowest masker level required to mask the probe) was first identified using normalized masker levels. Once the tip was identified, the level at which the curve crossed 80% of masker dynamic range was the endpoint in the apical direction. Then, using the raw data points from the tip through the endpoint, a least-square error line was obtained and its slope was calculated in decibels per millimeter. In the few cases where the tuning curve was shallow, such that the data did not fall below 80%, the minimum was used as the tip, and the line was fit to the point where the data reached masker-alone MCL.
Electrically Evoked Auditory Brain Stem Responses
The stimuli were 102 sec/phase, biphasic, charge-balanced (cathodic phase first on the active electrode) current pulses. Subjects were seated in a sound-attenuated booth and asked to rest quietly or sleep with their eyes closed during each 3-to 4-hr test session. The stimuli were delivered to the implant using a clinical interface controlled by the Bionic Ear Data Collection System, version 1.15.158 (BEDCS, Advanced Bionics Corp., Sylmar, CA) through a dedicated Platinum Series Processor. This PC-based system controlled the timing of the stimulus presentations and delivered an external trigger to the evoked potential recording system (Neuroscan™). The amplifier was transiently blocked for 1 msec poststimulus onset to prevent saturation from stimulus-related artifacts. Ag-AgCl electrodes were placed on the vertex (Cz, active), the mastoid of the ear contralateral to the implanted ear (M1/M2, reference), and the forehead (ground). The impedances of all recording electrodes were Ͻ2 kOhm. Recordings were bandpass filtered with a low-frequency cutoff of 100 Hz and a high-frequency cutoff of 3000 Hz.
EABRs were measured in response to both MP and pTP stimulation, at a rate of 11.1 pulses per second, averaged over 1500 sweeps. Because the aim of the experiment was to evaluate the amplitude growth function, stimulus levels ranged from the behaviorally measured MCL to below threshold, in at least five steps. Initial stimulation levels were at or near MCL and were decreased in large steps, until no response was detected, and additional levels were collected as time allowed. Two runs were collected for each stimulus level, with a third if movement was detected during online data collection. Preliminary data collection indicated that MP responses were more reliable, so MP was generally tested first to ensure that each subject had recordable responses. As a control, a no-stimulus run was also collected.
Postprocessing • All artifacts exceeding Ϯ15 mV were rejected from averaging. The recording window spanned 17 msec, 2-msec prestimulus time and 15-msec poststimulus time. After artifact rejection (Ϯ15 mV), the remaining sweeps were averaged, and 5-point smoothing was applied. The recordings were batch-processed and converted to an ASCII format for further evaluation in Matlab (MathWorks, Natick, MA).
Wave V peaks and troughs were identified visually based on the latency, repeatability, and decrease in amplitude with decreasing stimulus level. Each waveform was compared with that generated with a no-stimulus control run. Amplitudes were calculated based on the difference (in V) between the positive peak and the following trough for Wave V. To estimate EABR threshold, the amplitude growth function of Wave V was interpolated to 100 points. The threshold was defined as the lowest current level for which the Wave V amplitude was at least 0.1 V. These interpolated data were also used to estimate the slope of the growth function between threshold and the highest level tested for each condition. Figure 1 displays the initial set of behavioral thresholds measured at the higher pulse rate (918 pulses per second) for all subjects. Thresholds were obtained with TP configuration for all available channels ( ϭ 0.9 or 1, as indicated) and pTP ( ϭ 0.5) and MP ( ϭ 0) configurations for some of the channels, as indicated by the symbols. Each panel represents data for one subject (denoted by the subject number in the top right or top left of the panel) as a function of cochlear implant channel number from apical to basal. The vertical dashed lines indicate the channels with the lowest and highest TP thresholds that were chosen for electrophysiological testing. As in previous studies, thresholds generally increased as the configuration became more focused, i.e., as the current fraction increased (Bierer & Faulkner 2010) . The channel-to-channel variability of threshold also increased with current fraction.
RESULTS
Complete EABR amplitude growth functions were measured for each subject for the two test channels in both the MP ( ϭ 0) and pTP conditions ( ranging from 0.5 to 0.8). For each channel, the largest pTP fraction was used that provided some growth of loudness before the compliance voltage limit was reached. Example EABR waveforms from one subject for the channels with the lowest (A and B) and highest (C and D) TP thresholds are shown in Figure 2 . For this example, MCL was reached for all stimulus conditions. The Wave V peak-totrough amplitude was measured for each stimulus condition and is indicated by the filled triangles for the highest tested levels. Clear responses were obtained for the highest levels tested, and the response amplitude decreased as lower stimulus levels were used (top to bottom). In this case, the response amplitude at MCL is smaller for the high-threshold channel for both electrode configurations tested (Figs. 2C and D) .
The peak-to-trough amplitudes of Wave V as a function of stimulus level are plotted in Figure 3 for all subjects (top to bottom) for the lowest (left) and highest (right) threshold channels. The MP configuration is represented by black, with either open (low channel) or filled (high channel) symbols. The pTP configuration is represented by gray, with either striped (low channel) or filled (high channel) symbols. The pTP fraction used is indicated in the top of each row, and the numbers next to the symbols in the legend correspond to the Cochlear implant channel (apical to basal) Behavioral threshold (dB rel. 1 mA) Fig. 1 . Single-channel behavioral thresholds across subjects and configurations. Each panel plots the single-channel detection thresholds for a given subject (indicated in the top corner). The abscissa represents cochlear implant channel from apical to basal, and the ordinate represents detection threshold in decibels relative to 1 mA. Electrode configuration is indicated by symbols and for the triangles it is either 0.9 or 1. The vertical dashed lines indicate the lowest and highest threshold channels obtained with the largest pTP fraction for each subject (0.9 for S9, S22, and S26 and 1.0 for S24, S29, and S30).
subjects' 1 to 10 loudness ratings of the highest level tested, as described in the Materials and Methods section. The slope of each amplitude growth function was calculated from the least-square error line (shown in bold) fitting the data between the estimated threshold (stimulus level indicated by arrowhead below the abscissa) and the highest tested level.
The growth function slopes of low-threshold channels increased more gradually for the pTP than the MP configuration, which is consistent with a previous study (Brown et al. 1996) . In contrast, the opposite effect can be seen for the high-threshold channels, such that the growth functions were often steeper for the pTP configuration. The difference in growth function slope between MP and pTP configurations is plotted for the low (diagonal stripes) and high (stippled) threshold channels for each subject in Figure 4A . For this analysis, a positive number indicates the expected result that slopes with the MP configuration are steeper than those with the pTP configuration. For the channels with the lowest TP threshold, the difference in slopes was positive for all six subjects, while for the channels with the highest TP threshold, the difference in slopes was negative for five of the six subjects (Wilcoxon signed rank test comparing channels with low and high thresholds, p Ͻ 0.05). Figure 4B displays the difference in growth function slope for the high-and low-threshold channels for the MP (open) and pTP configurations (gray filled) for each subject. A positive number indicates that the slope was steeper for the high-threshold channel, which was the finding with the pTP configuration for all six subjects. The distribution of results was variable for the MP configuration. A pairwise comparison of channels with low and high TP behavioral thresholds indicates a difference in amplitude growth functions for those channels (Wilcoxon signed rank test comparing slopes for high and low channels with MP and pTP configurations, p Ͻ 0.05).
EABR thresholds were compared with behavioral thresholds measured with the same low-rate pulse trains. Figure 5 plots behavioral thresholds (abscissa) as a function of EABR thresholds (ordinate) for the MP (left) and pTP (right) configurations. As in previous figures, the subject, stimulus configuration, and behavioral threshold status are represented by the symbol, color, and fill, respectively. The EABR thresholds for the high-and low-threshold channels for each subject were not correlated, so both data points were included in the regression analysis (Spearman's rank correlation: MP, r ϭ 0.26, p ϭ 0.65; pTP, r ϭ 0.14, p ϭ 0.8). Across subjects, a statistically significant correlation was measured between these two threshold estimates for both electrode configurations (Spearman's rank correlation: MP, r ϭ 0.650, p ϭ 0.02; pTP, r ϭ 0.881, p Ͻ 0.001).
Four of the six subjects had previously participated in the study by Bierer and Faulkner (2010) , which measured PTCs for the lowest and highest threshold channels. (PTCs were not measured in the remaining two subjects because both the lowest and highest threshold channels were at the end of the electrode array [S29 and S30].) That study demonstrated that the behavioral TP thresholds (i.e., the actual threshold current levels, not their categorical high/low status) were correlated with the sharpness of tuning, as quantified by the apical slope 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10 of the curves. Figure 6 indicates that the same relation holds with EABR thresholds. In this figure, the EABR thresholds were normalized by subtracting the average of the two test channels. The apical slope of the PTC (ordinate) is plotted as a function of relative EABR threshold (abscissa) for the MP (left) and pTP configurations (right). The PTC slopes for the high-and low-threshold channels for each subject were not correlated, so both data points were included in the regression analysis (Spearman's rank correlation: MP, r ϭ 0.60, p ϭ 0.42; pTP, r ϭ 0.0, p ϭ 1). As with behavioral thresholds, higher EABR thresholds measured with the more focused configuration were predictive of broader tuning (Spearman's rank coefficient r ϭ Ϫ0.762, p ϭ 0.028). The same trend exists for the MP data, but the two measures were not correlated to statistical significance (Spearman's rank coefficient r ϭ Ϫ0.619, p ϭ 0.12).
DISCUSSION
The results of the present study suggest that, with spatially focused stimulation, EABR measures are sensitive to the same underlying factors that result in high-and low-behavioral thresholds. As expected, behavioral and EABR thresholds were Current Level (dB re 1 mA) Wave V Peak-to-Trough Amplitude (µV) MP(7) pTP (7) MP (7) pTP (5) MP (7) pTP (3) MP (7) pTP ( 7 ) MP (7) pTP(6.5) MP(7) pTP ( (7) pTP (4) MP (7) pTP (7) MP (7) pTP(6.5) MP(7) pTP (7) Ch Fig. 3 . Wave V amplitude growth functions for each subject and configuration. Amplitude was measured for Wave V of the EABR from the peak to the following trough in microvolts (ordinate) and is plotted as a function of stimulus level in decibels (abscissa). The left and right columns are for the channels with low and high TP thresholds, respectively. Electrode configuration is indicated by black for MP and gray for pTP stimulus configurations. Data from the high-and low-threshold channels are indicated by the fill of the symbol (open or striped for the low-threshold channels and filled for the high-threshold channels). The pTP fraction used for each subject is indicated in the top of each row. In the legend for each panel, the number in parentheses indicates the subjective rating of the loudness of the highest level tested for each stimulus configuration and channel. EABR threshold was taken as the level for which the amplitude growth function reached 0.1 V, and the current level at threshold is indicated by arrows below the abscissa. A least-square error best-fit line is shown in bold from threshold to the highest tested level. strongly correlated for both the MP and pTP configurations. However, only with the pTP configuration did the steepness of the EABR growth function depend on the behavioral classification of low-and high-threshold (TP) channels. In addition, in subjects for whom PTCs were obtained, these same highthreshold channels exhibited relatively broad tuning. As discussed later, both the steeper EABR amplitude growth and broader psychophysical tuning imply a more extensive tonotopic activation of the cochlea. These results suggest that the measurement of behavioral or evoked potential thresholds using a focused electrode configuration could be an effective clinical tool to identify channels affected by a poor electrodeneuron interface.
Relation to Previous Studies
Consistent with previous findings, the estimates of EABR threshold were predictive of behavioral threshold when the same stimulus parameters were used, especially for the pTP data (Brown et al. 1996) . Generally, behavioral thresholds were slightly lower than EABR thresholds of individual channels, a finding that has also been shown previously (Brown et al. 2000) . Although studies have demonstrated qualitative differences in EABR morphology based on apical to basal place of stimulation (Gallégo et al. 1996; Firszt et al. 2002; Thai-Van et al. 2002) , no such differences were noted in the present set of experiments, because we did not systematically choose the test electrodes based on cochlear location. We did, however, observe morphological differences between channels with lowand high-TP thresholds.
Previous comparisons of amplitude growth functions using the bipolar and MP configurations have reported shallower slopes for the more focused stimulus (Schindler et al. 1977; Black & Clark 1980; Marsh et al. 1981; Abbas & Brown 1991; Brown et al. 1996) . This was not a general finding in the present study. Although we did observe shallower growth functions for the focused pTP configuration with the lowthreshold test channels (six of six subjects), the high-threshold TP test channels were actually steeper (five of six subjects). This suggests a fundamental difference between channels having a high and low TP threshold, which supports our hypothesis that TP threshold reflects a channel's local interface with nearby neurons.
Two primary factors of the electrode-neuron interface are the position of the electrode in the cochlea and spiral ganglion neuron survival. Both factors can influence the TP and pTP thresholds that we measured behaviorally and physiologically. However, a number of animal studies indicate that these factors may have different effects on evoked potential growth. For instance, when electrode-neuron distance was systematically increased by moving the stimulating electrode toward the lateral wall of the scala tympani, EABR thresholds increased and growth functions became steeper (Shepherd et al. 1993 ). This finding is consistent with recent computer models showing that a large electrode-neuron distance, which results in broader tonotopic activation, leads to a faster recruitment of neurons with increasing current (Litvak et al. 2007; Goldwyn et al. 2010 ). On the other hand, animal models of spiral ganglion survival have shown that reduced neuron survival results in elevated EABR thresholds but shallow amplitude growth functions (Hall 1990; Shepherd et al. 1993) . That is, the two types of electrode-neuron interface factors, both leading to high thresholds, nevertheless had opposite effects on amplitude growth. However, we believe that in these animal experiments, the pattern of spiral ganglion loss was global, because deafness was induced by an ototoxic drug administered uniformly throughout the basal turn of the cochlea (Hall 1990; Shepherd et al. 1993 ). If this is true, then the broader tonotopic activation resulting from the higher current requirement was offset by the overall loss of neurons, causing slower neural recruitment and, therefore, a shallower growth function. In contrast, it is likely that the human subjects in the present study had a combination of global and localized neuron loss, as suggested by the high and variable TP thresholds across channels.
The implication that high TP thresholds reflect suboptimal stimulation of a localized region of the cochlea is supported by the PTC data measured in a subset of the subjects. The tuning curves had broader tuning for the test channels with high TP thresholds (Bierer & Faulkner 2010) . A tip shift was also observed in some cases, which occurs when the degree of masking is greatest on a channel that is different than the probe channel. Analogous to acoustic studies of cochlear dead regions (Moore & Alcantara 2001) , the tip shifts provide further evidence that the high-threshold test channels were near regions of low-functioning auditory neurons. Importantly, the differences between the tuning curve properties for low-and high-threshold channels were more evident when a focused pTP configuration was used for the probe stimulus rather than the MP configuration (Bierer & Faulkner 2010) . Likewise, with the present EABR data, differences in threshold and amplitude growth between the low-and high-threshold test channels were also more pronounced with pTP stimulation.
Further support for a local neuron factor contributing to the differential effect of configuration on EABR amplitude growth comes from a recent computer modeling study. In that model, imposing a discrete region of spiral ganglion neuron loss adjacent to an electrode resulted in an elevated threshold and a steeper growth of neural recruitment with current (Goldwyn et al. 2010 ; see also Bierer 2010) . These effects were most evident for focused configurations. In particular, neural recruitment for the MP configuration was relatively invariant to electrode placement or the spatial extent of local neuron loss. Thus, the inconsistent effects of the MP configuration on EABR growth observed in the present study may be a reflection of this insensitivity to the local electrode-neuron interface. The present study, as well as our previous modeling and psychophysical efforts, has primarily explored the spatial/ spectral aspects of the electrode-neuron interface. However, temporal factors may also be important. For example, animal studies have shown that the surviving spiral ganglion neurons after a period of deafness may exhibit degraded temporal fidelity and longer refractory periods (Shepherd & Javel 1997; Shepherd et al. 2004; Vollmer et al. 2005) . Also, there is recent evidence of a correlation between degraded spatial and temporal resolution in cochlear implant listeners (Chatterjee & Yu 2010) . Therefore, to better understand the present findings in the context of underlying variability in the electrode-neuron interface, future studies should explore the contribution of temporal factors.
Clinical Implications and Future Directions
The results of the present study, along with those of previous behavioral studies, suggest that the individual channels of a listener's cochlear implant array do not activate nearby spiral ganglion neurons equally well (Bierer & Faulkner 2010) . If a clear criterion could be developed as to what constitutes an ineffective channel-for example, one that considers channel selectivity, loudness growth, speech perception-the identification of such channels could lead to an improved clinical mapping strategy, whereby each channel is programmed based on the presumed nature of the electrodeneuron interface.
Part of the motivation for using EABR measures in this study was to determine whether such a tool would be sensitive enough to identify channels with a poor electrode-neuron interface. Although our study suggests that EABRs could be used for this purpose, it has also revealed practical limitations with this procedure. First, the ability to measure complete growth functions for multiple electrodes is more time consuming than a typical clinic visit. EABR testing for each electrode and each configuration required approximately 2 to 3 hrs. To test all of the electrodes in this manner would be prohibitive in the clinic, especially for young children. For this reason, future experiments will explore the use of the electrically evoked compound action potential (ECAP). ECAP measures are less time consuming than EABR measures, because they require much fewer averages and the stimuli can be presented at a faster rate. Also, a recent study by Hughes and Stille (2008) demonstrates comparable measures with ECAP to PTCs. A major downside of the ECAP is that the response can be influenced not only by the way the stimulating electrode interfaces with local neurons but also by the interface near the intracochlear recording electrode. The EABR, by virtue of its far-field scalp recording, reflects more of a whole-nerve response and may more closely reflect the interface of the stimulating electrode. In this respect, the EABR was a better physiological measure for preliminary evaluation of the electrode-neuron interface. Future studies will compare the EABR to ECAP responses obtained from different recording electrodes.
